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Abstract
Dendrimers exhibit healing functionalities on polymer level. In the present chapter, the
effect of hydrogen-bonded supramolecular polymers (SP) into high performance aero-
space carbon fiber reinforced plastics (CFRPs) is assessed. More precisely, the inter-
laminar fracture toughness of unidirectional (UD) SP-modified composites (containing
SP interleaves) and their healing capability were measured under mode I and mode II
fracture loading conditions. During testing, these modified samples exhibited
extended bridging between the interlaminar crack flanks, which considerably
enhanced their interlaminar fracture toughness. Furthermore, SP pre-impregnated
fiber layers (prepregs) were fabricated to facilitate the introduction of the self-healing
agent (SHA) into the composite laminated structure. SP prepregs were used to modify
quasi-isotropic CFRPs in a symmetric fashion, and the damage tolerance of the mod-
ified composites was investigated. To that direction, the SP-modified laminates were
tested under low velocity impact (LVI) conditions, and compression after impact
(CAI) tests were conducted prior and after the activation of the healing. Finally,
examination of the morphology of fracture surface led to qualitative conclusions
regarding the involved failure and healing mechanisms.
Keywords: composites, self-healing, hydrogen bonds, supramolecular polymers
fracture mechanics, damage tolerance
1. Introduction
1.1. Background
During the last decades, the use of composites in aeronautics, wind energy, automotive, and
other mechanical engineering applications has been significantly increased. The need for new
materials with enhanced mechanical properties, low density and corrosion resistance combined
© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
with the necessity for greener operation of structures, was the main driver for intensive research
and application of polymer-matrix-fiber-reinforced composites in many fields as structural
materials. Figure 1 shows the evolution in use of materials versus time. In this picture, the rapid
increase in the use of polymers and composite materials, during the last decades is evident [1].
In addition, the use of composites and, especially, carbon/epoxy composites in aerospace
applications has been considerably increased since 1960. Characteristic examples are Boeing
787 Dreamliner and Airbus 350-XWB in which their structural mass is made by 50 and 55% of
composites, respectively. As it is expected, the extensive use of composites results to more fuel
efficient and environmental friendly aircrafts. However, a primary limitation of composites is
their poor interlaminar strength and fracture toughness that make them prone to delamina-
tions [2, 3]. In [4], possible damage modes into a polymer composite are described in detail.
Delamination is the result of out of plane LVI of a composite structure. Joining of the
microcracks, developed into the polymer matrix under service loads, is another option for
delaminations. It is obvious that delaminations can lead to significant suppression of the
load-bearing capacity of the composite components and structures.
During the last decades, significant research effort has been invested to the improvement of
interlaminar fracture performance of structural composites and especially of CFRPs. A variety
Figure 1. Schematic representation of the importance of four classes of materials (ceramics, composites, polymers, and
metals) in mechanical and civil engineering as function of time [1].
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of methodologies have been proposed in the literature to prevent composites from delamina-
tions. These include chemical modification of epoxy matrix systems (either by modifying the
resin or the hardener), interleaving, hybridization, stitching, short-fibers, z-pinning, optimiza-
tion of staking sequence, reactive rubbers and edge-cap reinforcement [5–14]. However,
although the interlaminar fracture properties have been enhanced, delamination remains the
main damage mode in the case of FRPs. Furthermore, conventional repair techniques [15, 16]
of composites are time consuming, require extensive labor cost, and the repair defects face
certain restrictions. These repair techniques involve patch repair (e.g., bonded external patch,
bonded flush patch) or non-patch repair (e.g., resin injection, potting or filling and surface
coating) [15, 16]. In the case of repair of primary structural components, the certification
authorities required additional mechanical joining. Figure 2(a) illustrates a representative
example of patch repair method in which the damage material is carefully removed by using
a high-speed grinder [15]. After material removal, new composite plies are utilized to fill the
created cavity. On the other hand, Figure 2(b) shows non-patch repair which includes resin
injection through an access hole into the damage area. This method eliminates the removal of
undamaged plies and results in higher recovery of the strength [16].
Thus, utilization of composites in human safety critical components has always to be accom-
panied with non-destructive testing techniques (NDTs) as damage monitoring tool. These
techniques involve ultrasonics, surface waves, Acoustic emission, infrared thermography, and
X-ray radiography [16]. It is also of note that conventional damage detection equipment is, in
some cases, not able to detect tiny defects deep inside the material. However, these defects
could rapidly propagate between two periodical inspections and lead the composite part to
significant deterioration. This challenging situation acted as an inspiration for seeking of new
repair methods; cheaper and applicable at the early stages of damage evolution. With an aim
to address some principal weak points of conventional repair techniques, an emerging approach
called “self-healing materials” [17, 18] has been proposed but not yet been applied to commer-
cial composites. This smart technology aims to in-situ and autonomously repair damage and
thus to lead to extension of the effective life-span of composite structures. Self-healing of
Figure 2. (a) Scarf cavity formation prior to patch repair [15]. (b) Depiction of the resin injection process into honeycomb
panel skin’s composite.
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composites promises to mitigate the importance for detecting damage and to reduce the
frequency of scheduled inspections.
Self-healing mechanisms incorporated into existing materials is an emerging alternative to
conventional repair methods to remove cracks and restore performance. It is also considered
as an intense research field over the last decades. A self-healing material [19] is a class of
biomimetic materials that can autonomously repair damage and regain its initial properties
after damage. Self-healing technologies could extend the service life and reliability of epoxy
resins and their composites. Based on published research work, a typical way to classify self-
healing systems is as: (a) autonomous (extrinsic) [20, 21] (capsule-based systems [20] or
vascular-based systems [21]), where a container is prefilled with a liquid self-healing agent
(SHA). (b) Non-autonomous [22, 23], where self-healing is created either by using a modifier
with inherently reversible behavior [22] or by incorporating functional groups directly into a
thermoset structure that can form reversible bonds (intrinsic [23]). While for non-autonomous
self-healing, an external stimulus (heating) is required, autonomous self-healing operates at
service temperature (not external stimulus is required).
A new technology that could be beneficial for self-healing in composites has been built on
dendrimers (SP) [24]. Especially those based on reversible hydrogen bonding arrays show
great promise as self-healing materials [25–27], since these materials can typically withstand
multiple healing cycles without substantial loss of performance, because of the highly directional
and fully reversible non-covalent interactions present into the polymer matrix. During the last
decades, many types of dendrimers have been reported and are classified according to the type
of the non-covalent bond involved. Dendrimers are classified into the following categories: SP
based on hydrogen bonds [25–27], SP based on pi-pi stacking interaction [28], SP based on
metal ligand interaction [29], and SP based on ionomer [30]. In the present chapter, the
ureiodypyrimidone hydrogen bonding unit (UPy) as developed by Meijer and coworkers [27]
has been employed because of its strong self-association, its synthetic accessibility, and the
highly dynamic nature of low Tg-polymers comprising the UPy [31]. Most interestingly, UPy-
polymers have recently been shown to give unprecedented toughening in polybutadiene-
based interpenetrating networks [32].
In the present chapter, interleaves comprising self-healing materials based on hydrogen-
bonded SP were successfully incorporated into high performance UD carbon/epoxy compos-
ites. The interlaminar fracture toughness of these modified composites and their healing
capabilities were measured under mode I and II fracture loading conditions (Sections 3 and 4,
respectively). During testing, these modified samples exhibited extended bridging phenom-
ena, which considerably enhanced the interlaminar fracture toughness of the composites.
Potential knock-down effect by the incorporation of the SP interleaf was quantified through
three-point bending tests (3PB). Furthermore, SP carbon fiber prepregs were fabricated to
simplify the incorporation process of SHA into the composite laminates. SP prepregs were
further utilized to modify quasi-isotropic CFRPs. Potential knock-down effects and the
induced healing capability of these modified composites were investigated under LVI and
CAI tests. Finally, examination of the morphology of fracture surface led to qualitative conclu-
sions regarding the involved failure and healing mechanisms.
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2. Experimental
2.1. Materials and methods
2.1.1. Materials
The SP-modified composite laminates, which are used in the present chapter, were fabricated by
UD carbon fiber/epoxy resin prepreg CE-1007 150-38. The prepreg tapematerial supplied by SGL
Group, Germany having tensile strength of 2.4 GPa and axial Youngmodulus of 140 GPa. The SP
was developed and supplied by Suprapolix, the Netherlands. The supplied material (batch
identification code: SPSH01) is based on a low Tg (66
C) polymer modified with UPy moieties.
2.1.2. Preparation of the SP interleaves and SP prepreg plies
The preparation process of the SP interleaves and prepregs are illustrated in Figure 3. The as-
received polymer piece (Figure 3(ai)) was converted into a thin film by a two-step heating/
pressuring treatment (Figure 3(aii)) using a hot press machine. On the other hand, the preparation
process of the SP prepreg is illustrated in Figure 3(b). Raw SP pieces (Figure 3(bi)) were placed on
the top and bottom surfaces of dry UD carbon fabric. Then, the systemwas placed in between two
Polytetrafluoroethylene (PTFE) films and converted into SP prepreg by a two-step heating/
Figure 3. (a) Filming process of the SP and (b) preparation process of the SP-modified prepreg plies.
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pressing treatment (Figure 3(bii)) using a hot press machine. Firstly, both systems were pressed
under 80 bars at 100C for 1 h. Then, heating was stopped and both the SP film and prepreg were
left under 80 bars applied pressure overnight to cool down and reach their final form (Figure 3
(aiii, biii)). The thickness of the film and prepreg was measured to be approximately 120 μm and
180 μm, respectively, with no significant thickness variations, using a digital caliper.
2.1.3. Mode I interlaminar fracture toughness testing
Quasi-static interlaminar fracture toughness tests described in Section 3 were performed at a
25 kN Instron Universal testing machine (Instron, High Wycombe, UK) at RT conditions. The
mode I interlaminar fracture toughness was measured using the double cantilever beam (DCB)
method according to the AITM 1.0005 standard issued by Airbus. DCB specimen dimensions
and experimental setup are both illustrated in Figure 5. The 25-mm-long PTFE starter film that
was placed at the central plane, at one edge of the samples to facilitate crack initiation is also
shown. Two aluminum tabs were glued on the outer surfaces of the pre-cracked end of the
specimens, for the application of the opening load. The specimens were loaded in tension at a
cross-head velocity of 10 mm/min until the crack was propagated from starting point consid-
ered as zero to 75 mm. Five samples were tested each time for the calculation of GIC. The mode









where, A is the required energy to achieve the total propagated crack length, a is the propa-
gated crack length (final crack length minus initial crack length, a = 75 mm), and w is the
specimen’s width.
2.1.4. Mode II interlaminar fracture toughness testing
The mode II interlaminar fracture toughness tests described in Section 4 were measured using
the three-point end-notched flexure (ENF) method according to the AITM 1.0006 standard
issued by Airbus. Firstly, the DCB specimens were loaded under mode I in alignment with the
AITM 1.0005 to create a natural sharp pre-crack. Then, the delaminated specimens were cut
into ENF specimens as shown in Figure 15, according to AITM 1.0006. ENF specimen dimen-
sions and experimental setup are both illustrated in Figure 15. The pre-cracked ENF specimens
were subjected to flexural loading that generated a shear crack driving force at the crack tip
region. The cross-head velocity was fixed at 1 mm/min. Five samples were tested for each










where, d is the cross-head displacement at crack delamination onset, P is the critical load to
start the crack, α is the initial crack length (from the support point to the end of the crack,
α = 35 mm), w is the width of the specimen, and L is the span length (L = 100 mm). For accurate
calculation of the GIIC, the simple methodology described was applied.
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2.1.5. Low velocity impact and post-impact testing
The core objective of the current characterization program, which is described in Section 5, is
the determination of the low velocity impact resistance and the compression strength after
impact of the proposed modified CFRP systems, since these characteristics dominate the
damage tolerance of the composite material system. The LVI and CAI tests were performed at
RT conditions according to AITM1-0010: 2015 standard of Airbus. A guided drop weight tester
was utilized for this purpose. A drop tower equipped with a 16-mm diameter hemispherical
aluminum impactor weighing 2.5 kg was employed. The selected impact energy was 25 J and
was delivered by adjusting the initial height of the impactor. The impactor was manually left to
fall from the pre-determined height and was arrested automatically after rebounding to avoid
a second strike. The residual compressive strength of the damaged CFRP plates before and
after the healing process was measured through CAI tests. For this purpose, an anti-buckling
jig was employed to support the specimen edges and to inhibit Euler buckling. All tests were
conducted at an Instron (250 kN) hydraulic machine. The specimens were loaded under
displacement control of cross-head velocity of 0.5 mm/min.
2.1.6. Composites quality issues
C-scan inspection was performed on all the manufactured plates. A Physical Acoustics Corpo-
ration (PAC) UT C-Scan system was used with a 5 MHz transducer. C-scan images of plates
intended for mode I, mode II, and LVI tests confirmed good qualities and showed absence of
porosity and delaminations due to the manufacturing process.
2.1.7. Healing procedure and healing efficiency calculations
After first crack propagation under mode I or mode II or delamination damage due to LVI
described below (Sections 3–5, respectively), the specimens were subjected to a simple healing
cycle of heating under controlled through-the-thickness compression. The cycle comprised a
15 min dwell at 100C under loading of 1 kN for mode I & II samples, while of 5 kN through the
thickness compressive force was used for LVI samples, using a heat press machine. The applied
temperature was chosen to be 23C higher than the Tm value (approximately 77
C) of the SP
material, for 15 min, in order to be sure that the SP will flow between the crack flanks and to
achieve the healing effect. The healing temperatures were chosen based on previous in-house
differential scanning calorimetry (DSC) measurements. The compressive loading value was cho-
sen as theminimumnecessary to ensure that the adjacent crack flankswere kept in close proximity
during healing activation. The loading values were chosen as the minimum necessary to ensure
that the adjacent crack flanks were kept in intimate contact during the healing procedure. Then,
the samples were left to cool down at room temperature (RT). After the healing cycle, the samples
were tested again using the same configurations. The calculations of the healing efficiency (HE) of








∙100 %ð Þ (4)
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where M or S (i.e., damage area) is the property under examination. Mhealed and Mmodified are
the values of the property after healing and before healing, respectively. Shealed and Sdamaged
are the values of the property after healing and after LVI testing, respectively.
3. Mode I interlaminar fracture toughening and healing of carbon fiber/
epoxy composites by hydrogen-bonded supramolecular polymer
interlayers as SHA
3.1. Composites manufacturing
Two UD laminated plates made of 22 layers were manufactured for the needs of the current
study; the reference plate and the modified one containing the SP interleafs at the mid-plane,
both appropriate for mode I interlaminar fracture tests. Figure 4 shows schematically the plate
configuration. The dimensions of the plates were 300 mm  150 mm  3 mm. During the
manufacturing process, two 13-μm-thick sheets of PTFE film were placed in the mid-thickness
plane of both laminates as shown in Figure 4, to act as initial pre-crack according to the request of
the interlaminar fracture test. In the case of the modified laminate, SP strips were carefully placed
at the mid-plane as shown in Figure 4(b, c).
Following the lay-up, the laminates were vacuum bagged and cured in autoclave for 2 h at
130C under 6 bars applied pressure, according to the prepreg manufacturer guidelines. The
fiber volume fraction of all manufactured plates was calculated to be close to 60%. Moreover,
the incorporation of the SP film in the mid-plane of the modified laminate did not appear to
Figure 4. Schematic representation of (a) the reference plate and (b) the modified plate. (c) Photograph of the mid-plane
placement of SP film, together with the PTFE initial crack formation.
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have a significant effect on the densities and the thicknesses of the samples. Five mode I
samples were cut from both the reference and the modified plate. Two aluminum tabs were
glued on the DCB specimen outer surfaces (Figure 5) using a two-component epoxy adhesive
in order to apply the peel/opening forces.
3.2. Results and discussion
The study is deployed in two levels. The first level covers the assessment of the performance
change due to the introduction of the SHA in the reference CFRP system. It is possible that the
approach to introduce the healing functionality may jeopardize the load-bearing capacity of
the composite. This change in performance is commonly referred to as the knock-down effect.
The second level of this study deals with the healing functionality of the composite system and
its performance. Essentially, once the SHA has been incorporated, the system is expected to
have a healing functionality; meaning the capability to heal damage in the form of cracks
(externally activated). The extent to which this functionality delivers its purposes is assessed
in the second level of this work. Details on the procedure are given in the next paragraph.
3.2.1. Mode I fracture toughness: reference versus modified CFRP
The introduction of the SHA in the CFRP laminate is expected to have an impact on the
material performance. In this paragraph, the impact of SHA on the mode I interlaminar
fracture toughness is assessed according to specifications described in Section 2.1.3. To this
purpose, load-displacement measurements were performed on the pre-cracked samples under
mode I peel loading. The concluded load-displacement curves for the reference as well as for
the SHA-modified samples are depicted in Figure 6(a). For both composite DCB specimens,
the applied load initially increased linearly prior the interlaminar pre-crack start to propagate,
followed by a deviation from linearity and ended with a load drop as the crack starts to
propagate. It is important to notice that the modified laminate that comprises the SP film as
Figure 5. Schematic depiction of the modified DCB test specimen configuration. (a) Side view. (b) Top view. Dimensions
in mm.
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interleaf in its mid-plane, displays a significantly higher Pmax and calculated GIC, when com-
pared to the reference laminate without SP interleave (Figure 6(b)).
Figure 7 illustrates the bridging that occurs during crack propagation, resulting from the
presence of the SP film in between the upper and lower crack surfaces of the sample. The crack
appeared to propagate through the SP interleaf rather than along the SP/thermoset interface.
Clearly, the presence of the SP interleaf reduces the crack opening displacement at a given
applied load, due to the developed bridging within the crack flanks, and thus results in a
lowering of the stress at the crack tip, and consequently in an increased mode I interlaminar
Figure 6. (a) Representative load (P) versus crack opening displacement (d) curves during the mode I interlaminar
fracture toughness test of the reference and the modified CFRPs. (b) Comparison between the reference and the modified
CFRP in terms of the Pmax and the GIC values, respectively.
Figure 7. Illustration of the extended bridging phenomenon of the SP interleaf between the upper and the lower adjacent
surfaces during mode I tests.
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fracture toughness. Furthermore, the SP material displayed a high peel resistance. The results
clearly show that the presence of the SP interleave in the plate resulted not only in a consider-
able increase of Pmax (545%) but even more into a calculated GIC that was increased with more
than one order of magnitude (1550%).
Typical crack opening resistance curves (R-curves) under mode I loading conditions for the
reference and the SP-modified composites are depicted in Figure 8. The GIC value in composite
laminates is of great importance, since it controls the initiation and the propagation of the
delamination damage. As it is shown in Figure 8, the reinforcing effect of the SP film is
apparent. The presence of the SP interleaf promotes the development of a bridging traction
zone at the interlaminar region, which suppresses the crack tip opening stresses and as a result
increases the resistance of the composite to both the initiation and the propagation of the
delamination damage. The R-curve for the reference composite shows the plateau value
already after reaching a crack length of 30 mm, resulting in a very limited damage process zone
(lower than 5 mm). On the other hand, the R-curve for the SP-modified interleaf composite
shows the plateau value only after reaching a crack length of 45 mm. This results in an extended
damage process zone followed by a self-similar crack propagation pattern showing the typical
delamination evolution mechanism up to a crack growth length of 80 mm and eventually
resulting in a significant reduction of GIC value at longer crack lengths.
The significant toughness increase observed for the modified interleaf is attributed to the
enhanced SP material interface with the epoxy matrix, which is extremely strong thereby
forming strong bonding between the SP polymer and the epoxy resulting in a transfer of the
propagation of delamination to the SP material. This enhanced interface is visible in Figure 9(b),
Figure 8. Representative R-curves of the reference and the modified CFRPs, showing the relation between GI and crack
length (a).
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which shows infiltration by the SP material into the epoxy matrix as evidenced by the darkened
region of the matrix next to SP interleaf.
In addition, there is also a clear difference between the failure types of the matrix. The
reference material clearly shows brittle matrix failure with intact carbon fibers as observed
with optical microscopy (Figure 10(a)). In contrast, the matrix of the SP-modified interleaf
composite shows ductile failure, since both fracture surfaces are covered with the SP interleaf
comprising partially pulled-out carbon fibers emanating from the edges of the SP film that
the epoxy system exists (Figure 10(b, c)). This behavior reveals the strong bonding of the SP
interleaf with both the matrix and the carbon fibers due to the infiltration. This strong
bonding is foreseen to inhibit crack propagation because of the extra energy required for
interfacial failure. In this turn, interfacial failure leads to frictional sliding and/or plastic
deformation at the interface and finally to the propagation of delamination through the SP
material as well as carbon fibers breakage or pull-out and crack bridging. Another character-
istic of the SP was the formation of agglomerates on fractured surfaces locally, after the
fracture of the SP interleaf (Figure 10(d)), probably originating from yielded SP bridges at
the delamination interfaces.
3.2.2. Assessment of healing functionality of composites
The ability of these SP interleafs for self-healing of the cracked CFRP composites was investi-
gated by subjecting the samples after the interlaminar crack propagation under mode I loading
to a healing cycle of heating and compression of the laminates at 100C for 15 min under a
compressive load of 1 kN, as described in Section 2.1.7. Indeed, when the fractured samples had
been removed from the loading frame after the mode I interlaminar fracture tests, and had been
subjected to this healing cycle, a large recovery of the interlaminar fracture performance was
observed. As can be seen in the resulting load-displacement curves for the SP-modified compos-
ites before and after the healing (Figure 11(a)), recovery of around 60% of Pmax and GIC values
after the first healing cycle were monitored. In subsequent healing cycles on the same samples, a
Figure 9. Cross section of the (a) reference and (b) SP interleaved-modified composite.
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Figure 11. (a) Representative load (P) versus crack opening displacement (d) curves before and after the healing cycles
during the mode I experiments. (b) Bar diagrams for the Pmax and GIC values, before and after the healing cycles in mode I
experiments.
Figure 10. Fracture surfaces of the CFRPs. (a) Reference. (b) Bottom fracture plane of the SP interleaf-modified CFRP. (c)
Top fracture plane of the SP interleaf-modified CFRP. (d) Illustration of the agglomerates on the top fracture plane of the
modified CFRP. In the left side (of image (d)), the epoxy area is distinguished, while in the right side, the infiltrated area is
distinguished by the SP material (photograph taken from the edge of the SP interleaf).
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drop in HE was observed after each cycle until the recovery of Pmax and GIC values, after the
seventh healing cycle, dropped at the level of 26 and 22%, respectively, when compared to the
pristine samples (Figure 11(b)). Although, the bridging of crack flanks was still there during
mode I interlaminar loading for the healed samples, its efficiency appeared to decrease with
increasing number of healing cycles.
The ability of the healing interleaf to heal the cracks and to recover the fracture properties
depends highly on the ability of the SP material’s chains to reconnect themselves after mechan-
ical rupture during the mode I experiments. It is important to notice that during manufactur-
ing of the samples, there is a diffusion of SP polymer into the epoxy matrix and consequently,
the intra SP propagation of the delamination under mode I loading. Due to the sufficiently low
viscosity of the SP polymer at 100C, it flows along the crack flanks and covers the debonded
surfaces. The presence of the thermally reversible hydrogen bonds between the polymer
chains, anchored strongly on the crack flanks, under mechanical loading, facilitates the exten-
sive contact between the SP polymer chains and the final rebonding upon cooling. The
observed reduction in the Pmax and the GIC values with increasing number of healing cycles,
is attributed to the progressive deactivation of the thermally reversible hydrogen bonds versus
exposure time at high temperature and an uneven distribution of the SP film over the
debonded surfaces during the healing cycle at 100C, which concludes to thickness variation
of SP polymer and variation of the delamination propagation locally.
Figure 12. Representative R-curves of the modified composite before and after the healing cycles, showing the relation
between GI and crack length (a).
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The typical R-curves under mode I loading conditions before and after the application of the
healing cycles are depicted in Figure 12, and they are consistent with the load-displacement
data. The general trend is that with increasing number of healing cycles, the GIC values
decrease and the plateau values of the GIC reach at a slightly later stage than the
corresponding plateau value of the pristine SP-modified interleaf composite, at 50 mm
instead of 45 mm. In line with the pristine SP sample, the plateau value remains almost
constant until a crack growth length of about 80 mm. It is necessary to stress that after the
first rupture of the interleaf-modified composite, the only active material that works and
keeps the upper and lower fractured surfaces together after healing activation, is the revers-
ible polymer material and the epoxy matrix infiltrated by this. More information can be
found in Ref. [33].
3.2.3. Knock-down effect on in-plane mechanical properties
The incorporation of the SP interleaf into composites laminate is expected to have an impact on
in-plane properties of the composite. For this purpose, 3PB tests were conducted for the
reference and the modified CFRPs, where a layer of SP polymer was placed at the middle
surface of the composite. According to these experiments, it was shown that there was no
knock-down effect on the flexural modulus (Eflex) of the composite as it was retained close to
55.5 GPa for both reference and modified CFRPs (due to the position chosen for the introduc-
tion of SP polymer). On the other hand, the flexural strength (σmax) value was reduced by 22%
(from approximately 638 to 493 MPa). Bar chart in Figure 13 describes these results in detail.
Based on this, a more detail investigation is needed for evaluating completely the effect of the
introduction of SP polymers into the composite laminate.
Figure 13. Knock-down effect of the SP interleaf on the Eflex and σmax values of the CFRP.
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4. Mode II interlaminar fracture toughening and healing of carbon fiber/
epoxy composites by hydrogen-bonded supramolecular polymer
interlayers as SHA
4.1. Composites manufacturing
Two UD laminated plates made of 22 prepreg layers were manufactured for the needs of
the current study; the reference laminate and the modified laminate containing the SP interleaf
on the mid-plane, both appropriate for deriving mode II interlaminar fracture specimens.
Figure 14 shows schematically the plate configuration with respect to the fracture pre-crack
and the SHA location. During the manufacturing process, two 13-μm-thick sheets of PTFE film
were placed in the mid-thickness plane of both laminates as shown in Figure 14 to act as initial
pre-crack according to the request of the interlaminar fracture test. In the case of the modified
laminate, a SP strip was carefully placed on the mid-plane as shown in Figure 14(b, c).
Following the lay-up, the laminates were vacuum bagged and cured in autoclave for 2 h at
130C under 6 bar pressure, according to the prepreg supplier guidelines. The dimensions of
the plates were 300 mm 150 mm 3 mm. Five mode I (DCB) samples were cut from both the
reference and the modified plate. The incorporation of the SP film in the mid-plane of the
modified laminate did not appear to have a significant effect on the thicknesses of the samples.
The fiber volume fraction of all manufactured plates was calculated to be close to 60%.
Figure 14. Schematic representation of the mid-plane of (a) the reference plate and (b) the SP containing modified plate.
(c) Photograph of the mid-plane of the modified plate, where a SP strip was carefully positioned, together with the PTFE
film.
Dendrimers - Fundamentals and Applications116
4.2. Mode II interlaminar fracture toughness testing
The mode II experiments were performed according to specifications described in Section 2.1.4.
Based on Eq. (2), the crack length (a) has to be known in order the GIIC value to be calculated.
For brittle materials, the moment of unstable crack growth can be clearly determined; Pmax
is attributed to the critical load at the onset of crack growth. On the other hand, for modified
materials containing ductile interleaves in which the crack is growing through the ductile
interleaved layer as described in Section 3, the crack initiation (Pini) occurs long before Pmax.
In addition, in mode II loading of the pre-cracked specimen the crack tends to close which
hinder a clear visualization of its tip. Thus, mode II fracture characterization of CFRPs with a
ductile interlayer remains a major challenge including uncertainties on the results. Figure 15,
depicts the modified ENF test specimen configuration as derived from DCB specimen.
Based on these, whereas in the case of reference CFRPs the GIIC calculations were extracted
directly from the P-d data without any concern, for the modified CFRPs the monitoring of the
crack growth was carried out by using a high-resolution digital camera system Figure 16. It is
suggested that the crack initiation point of the modified CFRPs corresponds to the onset of the
visual deviation of linearity in P-d curves. In addition, a vertical line with pencil was marked at
the end of the starter film, as shown in Figure 16. It is suggested that the separation of the line
into two lines corresponds to the crack initiation.
Figure 15. Schematic depiction of the modified ENF test specimen configuration as derived from DCB specimen. (a) DCB
specimen, (b) ENF specimen, (i) side view, (ii) top view. Dimensions in mm.
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4.3. Results and discussion
The study is deployed in two parts. The first part covers the assessment of the performance
change due to the introduction of the SHA in the reference CFRP system. It is possible that the
approach to introduce the healing functionality may jeopardize the load-bearing capacity of
the composite. This change in performance is commonly referred to as the knock-down effect.
The second part of this study deals with the healing functionality of the composite system and
its performance. Essentially, once the SHA has been incorporated, the system is expected to have
a healing functionality; meaning the capability to heal damage in the form of cracks (intrinsic or
externally activated). The extent to which this functionality delivers its purposes is assessed in
the second level of this work. Details on the procedure are given in the next paragraph.
4.3.1. Mode II fracture toughness: reference versus modified CFRP
The introduction of the SHA in the CFRP architecture is expected to have an impact on the
material performance. At this part of the work the impact on mode II fracture toughness is
assessed. The mechanical response of the reference and the modified CFRP to mode II fracture
loading in combination with crack evolution camera recording was studied.
Typical load-displacement (P-d) curves for the reference and the modified plate are given in
Figure 17(a). All specimens within each set showed a similar behavior. The average values and
standard deviation for the twomaterial sets are shown in Figure 17(b). As previouslymentioned,
the P-d behavior of the two material sets differs. For the reference material, the applied load
increases linearly until the onset of the pre-crack propagation where the load drops abruptly. On
Figure 16. Experimental setup of the mode II interlaminar fracture toughness tests where the high-resolution camera
monitoring of the crack evolution is seen.
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the other hand, for the modified CFRP, the initially linear P-d relation is followed by a distin-
guishable deviation from linearity andmuch latter the load drop appears.Whereas the load drop
for the reference case is attributed to the crack evolution onset, for the modified CFRP the Pmax
indicates the load-bearing capacity of the composite before undergoing major damages. Interest-
ingly, themodified laminate exhibits a significantly higher Pmax and respective displacement. As
seen in the Figure 17(a), Pmax is more than double that of the reference CFRP (120% increase)
while the displacement at failure is approximately four times larger than the reference.
From the recorded mechanical data, the mode II interlaminar fracture toughness (GIIC) was
calculated. For the calculation, the displacement (d) at crack propagation onset is needed to be
known. The crack initiation points for the reference and the modified CFRP, determined as
described in Section 4.2, are marked in Figure 17(a). The snapshot of Figure 17(a) corresponds
to the marked crack initiation point for the modified specimen. In this snapshot, a slight
separation of the pencil line into two lines is observed. The GIIC for both material sets were
calculated using in Eq. (2) the (P, d) values that correspond to the indicated points of the curve.
The average values and standard deviation are shown in Figure 17(b). The GIIC values for the
modified CFRP exhibit an increase of 100%, which is related both to the slightly higher
corresponding load (P) recorded and to the displacement (d) at that instance.
The post-tests inspection revealed the in-plane crack propagated through the SP interleaf
rather than along the SP-epoxy interface. This observation indicates that the interface of the
interleaf to the host matrix is stronger than the properties of the interleaf, thus guiding the
crack to a lower energy path through the interleaf (see Section 3). This was also monitored in
the case of mode I experiments. This behavior essentially maximizes the effectiveness of the
interleaf and explains the higher resistance to crack propagation. In addition, high displace-
ments are recorded while the load increased steadily. This can be related to the ductile behav-
ior of SP polymer, in combination with its strength. Even when the crack initiated, the presence
of the SP interleaf arrests the crack and prevents propagation due to the developed shear
bridging (see Section 3) within the crack sides. These results to lower stress at the crack tip
Figure 17. (a) Representative load (P) versus displacement (d) curves for the reference and modified CFRPs during the
mode II interlaminar fracture toughness test. (b) Comparison between the reference and the modified CFRP, for the Pmax
and the GIIC values, respectively.
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and consequently to an increased mode II interlaminar fracture toughness. Based on these
results, it is clearly shown that the presence of the SP interleave in the composite resulted in a
considerable increase of the mode II interlaminar fracture toughness characteristics. On the
other hand, the mechanisms delivering this increase of mode II fracture toughness are related
both to the SP-epoxy interface (the diffusion of SP polymer into epoxy matrix), as well as the
structural properties of the interleaf itself. Thus, it is obvious that the fracture toughness
characteristics of the composite have been enhanced significantly by the introduction of the
SP interleaf. It can be concluded that, regardless of the healing functionality performance, this
finding is extremely positive and of great interest.
4.3.2. Assessment of healing functionality of composites
The healing functionality of these SP interleaves into CFRP composites was assessed by
subjecting the samples to a healing cycle consisting of heating and compression as described
in Section 2.1.7. Indeed, a large recovery of the interlaminar characteristics (Pini, Pmax and GIIC)
during the repeated mode II experiments was observed when the fractured samples had been
subjected to multiply healing cycles.
In Figure 18(a), the recorded load-displacement data are shown for a representative modified
CFRP specimen. There are five curves; one for the initial test (before healing) and one after each
consecutive healing cycle. In all curves, the general trend is the same; the initially linear P-d part
of the curve is followed by a deviation from linearity. In subsequent healing cycles, the sample
exhibits a drop in stiffness as well as a smaller Pmax value. Nevertheless, the lowest Pmax value
remains well above that of the reference value (approximately 80% higher). In Figure 18(a), a
magnification of the curves at the crack initiation points is given and for each curve the crack
initiation points are marked. In the histogram of Figure 18(b), the effect of the number of healing
cycles on the mode II fracture characteristics (Pini, Pmax and GIIC) of the modified CFRP is
presented. After the first healing activation, the Pini and Pmax values of the modified CFRP
showed a decrease of approximately 5 and 16%, respectively. The same decreasing trend was
observed also after the second healing cycle when the values are compared against the values
concluded after the first healing cycle. Following the third healing cycle the decrease of the Pini
and Pmax values were much lower, this was also the trend after the fourth healing cycle. On the
other hand, the GIIC values appear a slight increase with increasing the number of healing
activation cycles; the GIIC value after the fourth healing cycle is 14% higher than that achieved by
the initial SP-modified CFRPs. This behavior is attributed to the fact that the displacement value at
crack propagation onset increases as the healing cycles increase (see Eq. (2)). In Figure 18(c), the
actual HE values for the three quantities of interest (namelyGIIC, Pini and Pmax) calculated based on
Eq. (3), are given as a function of the number of healing cycles. In subsequent healing cycles a drop
for the HEPini and HEPmax is observed. Nevertheless, the lowest value remains over 70% of the
reference values of pristine CFRPs. On the other hand, the bending stiffness of the modified
laminate presents a gradual decrease with increasing the number of healing activations.
The partial recovery may is associated with the degradation of the SP properties, as well as the
epoxy-SP interface after each loading/healing cycle. In addition, the interlaminar cracked area
is only partially healed after the subsequent healing cycles. Snapshots of the sample during the
mode II experiments at the crack initiation and fracture points before and after the healing
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cycles are illustrated in Figure 19(a). The high HE proportions and the ability of the SP interleaf
to heal the cracks are attributed to the SP material’s chains that can reconnect themselves after
the mechanical rapture during the mode II experiments. Critical parameters are a good cover-
age of the fractured surfaces by the SP material and a sufficiently low viscosity of the reversible
polymer at 100C in order to be able to flow into the crack flanks and to reposition itself
equally over the debonded surface. Therefore, the observed reduction in the Pmax value with
increasing number of healing cycles can be attributed further of the degradation of SP material,
to an uneven spreading of the SP interleaf over the fracture surface during the healing cycle.
An important point to note is the observation that the apparent flexural stiffness of the system
decreases after multiple healing activations. Several reasons have been identified to answer to
this observation. Firstly, the tests extended to very large deformation which can lead to the
breakage of the fibers on the outer layers. As a matter of fact, Figure 19(b) shows evidence of
broken fibers on the loading cross-head side. It is proposed that these excessive damages were
reflected as portion reduction in the load versus displacement curve. Secondly, during the SHA
activation it is possible that not all the interface surface of the crack is healed. Thus, the system
Figure 18. Results from the mode II interlaminar fracture toughness tests of the modified CFRPs before and after four
healing cycles. (a) Representative load (P) versus displacement (d) curves for the modified CFRP before and after the
healing cycles and determination of the crack initiation point. (b) Bar diagrams for the Pini, Pmax and GIIC values of the
modified CFRP, before and after the healing cycles. (c) The effect of the number of healing cycles on the HE of the modified
CFRP, in terms of the Pini, Pmax and the GIIC.
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cannot recover the initial stiffness since the extent of the delamination is larger. Finally, the
healing functionality of the SP may degrade after multiple activations; an observation also
noted in Section 3 with the same material. According to this work, the bulk SP material can
withstand at least seven healing cycles with excellent healing recoveries (still higher toughness
values compared to the reference one), but in the present case of mode II loading the experi-
ments were stopped after the fourth loading/healing cycle. The post-testing examination of the
fracture surface of the healed laminates revealed that the SHA was clearly separated between the
two adjacent fracture surfaces. Thus, the healing effect of the SP material was fully utilized. More
information can be found in Ref. [34].
5. Low-velocity impact response and compression after impact assessment
of carbon fiber/epoxy composites containing hydrogen-bonded
supramolecular prepregs as SHA
5.1. Composites manufacturing
Two types of quasi-isotropic laminated plates containing 16 plies, with [45/0/45/90]2S stacking
sequence each were manufactured for the needs of the current study; the reference laminate,
Figure 19. (a) Snapshot during the mode II interlaminar fracture toughness testing of the modified CFRP (i) just after
crack propagation onset and (ii) just before failure (i.e. P ~ Pmax), before and after healing. (b) Photographs showing the
progressive damage accumulation on the upper layers of the modified CFRP during the mode II testing, with increasing
the number of testing cycles. The damaged line is the contact line between the specimen and the loading cylinder.
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and the modified laminate, with two SP prepregs placed symmetrically into the composite.
Both material groups (reference and modified) were tested under compression prior of impact,
in order to identify possible knock down in compression strength. After exposed to LVI, CAI
tests were performed for the pristine CFRP plates as well as for the SP prepreg modified ones,
but in this case before and after the application of the healing activation cycle. Figure 20, shows
schematically the configuration of the plates (Figure 20(a)) and the position where the two SP
prepregs were placed (Figure 20(b)). The SP prepregs replaced the 6th and 11th UD 90 layers
of the composite (Figure 20(b)). Following the lay-up, the laminates were vacuum bagged and
cured in an autoclave for 2 h at 130C under 6 bars applied pressure, according to the prepreg
manufacturer guidelines. The dimensions of the final plates were 150 mm 100 mm 2.1 mm.
Ten reference and 15 modified impact test samples were manufactured, respectively. Five
samples of pristine CFRPs and 10 samples of SP prepreg-modified CFRPs were exposed to
impact tests. All the samples were tested to CAI. In the case of SP prepreg-modified samples
one group was tested to CAI just after initial impact, while a second group was passed through
a healing cycle (following the earlier described cycle) and after this step they were also
tested to CAI.
5.2. Results and discussion
5.2.1. Composites manufacturing
The handling of the CF/SP prepreg plies at RT and the incorporation of them into composite
laminate did not create any concerns. SP prepreg seem to combine characteristics of both
traditional thermoplastics (good processability, softening and flow at elevated temperatures).
The modified prepreg UD plies had an average thickness of 180 μm each and thus they did not
alarmingly thicken the entire CFRP laminate. The fiber volume fraction of both composite
groups was calculated to be slightly lower for the modified plates (approximately 60% for the
reference while approximately 59% for the modified ones, respectively). They also did not
disrupt the fiber architecture. In Figure 21, optical microscopy cross-section photographs of
reference and modified CFRPs with SHA based on SP are illustrated. Optical microscopy
photograph of the modified CFRPs show the location where the SHA has been incorporated
symmetrically.
Figure 20. Design of (a) the reference CFRP, (b) the modified CFRP with SP prepregs.
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5.2.2. Resistance to low-velocity impact
Reference and modified CFRPs were subjected to LVI as described in Section 2.1.5. After
testing, C-scan inspection measurements were performed to evaluate the impact-induced
damage. The typical C-scans for all material types in the before and after impact situations
are shown in Figure 22(a, b). The white region in the center of the images in Figure 22(a, b)
represents the damage area (mainly delamination) induced by the impact event. For the
determination of the impact damage area, post-processing software was utilized. The software
was able to quantify the white region area (damage area) of the recorded C-scan images after
the LVI event for both material sets. These areas were calculated to be approximately 592 and
115 mm2 for the reference and the modified plates, respectively. Thus, the modified composites
exhibit higher resistance to delamination, compared against the reference ones. The incorpora-
tion of the SHA in prepreg form into composite laminate increases the LVI damage resistance
of the final material. The SP prepreg provides higher energy absorption characteristics to the
entire composite due its ductile nature, during LVI. In the present work impact energy of 25 J
was used. It is considered a moderate amount of impact energy that does not occurs fiber
breakage and the main damage mode that is promoted is delamination. In fact, no visible or
detectable damage was shown on the top and bottom faces of the reference samples after LVI
testing. On the contrary, optical inspection of SP-modified prepreg samples exhibited only
indentation on the top face (Figure 22(ci)), while no ply splitting phenomena were observed
on the bottom face of the CFRP plate (Figure 22(cii)).
In general, during an impact event with moderate impact energy, the impact energy intro-
duced into the composite structure is mainly absorbed through elastic deformation and
through different failure modes. In CFRPs, plastic deformation does not take place. Samples
containing SHAs with a ductile nature such as SP, plastic deformation takes place. Figure 23
illustrates cross-section photos at the center of reference and modified CFRPs (around the
impact site) after LVI. According to Figure 23(a), the formation of multiple delaminations sites
in the reference sample is apparent. On the contrary modified CFRPs exhibited different
Figure 21. Optical microscopy photographs of (a) the cross-section area of reference CFRPs, (b) the cross-section area of
modified CFRPs with SP prepregs in which the SHA area is also clearly illustrated.
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behavior after LVI. Extended damage has been occurred into the composite in the form of
delaminations and significant transverse cracks that leads to off axis ply split.
5.2.3. Repair of the impact-induced damages via the healing treatment
After LVI tests, one group of the SP prepreg-modified samples were subjected to heating
under controlled through-the-thickness compression as described in Section 2.1.7. After
healing, C-scan was performed in order to evaluate the reduction of the impact damage in the
areas where the SP prepregs have been placed. Interestingly, it was found that after healing the
modified samples exhibited macroscopically a HE of about 40% (accounting by the measure-
ment of the impact damage area before and after healing, as it demonstrated globally in the
C-Scan plots (Figure 24(a, right)).
The HE value was calculated according to Eq. (4). Modified composites were not able to heal
the entire damage after the healing process as Figure 24 suggests. The SHA has the trend to
follow the carbon fibers (90o ply). This behavior was also validated by optical microscopy
examination of the damaged samples after the healing process. Materials micro-structure
examination under optical microscopy was used to validate the results from non-destructive
Figure 22. Representative C-scan inspection images of the (a) reference CFRP, (b) modified CFRP with SP prepregs in the
before and after the LVI situation. (c) Indicative top- and bottom-face photographs after LVI for the SP prepreg-modified
composites.
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Figure 24. Representative C-scan inspection images of the modified CFRP plates with SP prepregs, in before, after impact
situation and after healing process.
Figure 23. Optical microscopy photographs for reference and modified CFRPs cross sections after LVI situation (a)
reference CFRP, (b) modified CFRP with SP prepregs.
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C-scan inspections. In Figure 25, the optical microscopy photos of the cross sections of the
repaired modified CFRPs are illustrated. Figure 25 zooms in the SHA area (CF/SP prepreg
layer) and the upper and lower adjacent layers of the laminate. For the modified samples
(Figure 25) the presence of many delaminations after the healing process is still apparent, as it
is expected in all the interfaces that do not contain SP material. Only areas adjacent to SP were
healed and this is the reason why low HE value for the damaged area in modified samples was
achieved.
5.2.4. Compressive behavior of CFRPs before impact
The incorporation of SP prepreg into composite laminate is expected to have an impact (i.e.,
knock-down effect) on final composites’ mechanical performance. In the present subsection,
the effect on the compressive properties is assessed. Typical stress versus strain curves under
compression before impact (CBI) for the reference and modified CFRPs (unimpacted) are
illustrated in Figure 26(a). In all curves, the initially linear stress versus strain response is
Figure 25. Optical microscopy photograph of the SP-modified CFRP cross section after the healing process.
Figure 26. (a) Representative compressive stress versus compressive strain (%) curves from the CBI testing of the
reference and modified CFRPs. (b) σmax and Ecomp the values of the two material types.
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followed by a deviation from linearity and load drop just before the end of the test. The
compressive strength (σmax) and the effective compressive modulus (Ecomp) values of the two
material types are summarized in Figure 26(b). Modified CFPRs exhibited lower compression
characteristics than the reference ones. The σmax was decreased by 60% whereas Ecomp by 55%
due to SP SHA introduction. Thus, even though SP prepreg promotes the energy absorption
under out-of-plane impact loading, it adversely deteriorates the in-plane (compressive) prop-
erties of the final CFRP.
5.2.5. Residual compressive properties of the CFRPs after LVI
As already described, after LVI tests reference and SP-modified samples were loaded in
compression to assess their CAI properties. Also, the introduced healing functionality of the
SP-modified samples was quantified by subjecting these samples to a simple healing cycle as
described in Section 2.1.7 and then, repeating the CAI tests in order to investigate the post-
healing CAI performance of the modified plates.
Typical compressive stress versus compressive strain (%) curves after LVI for reference and SP-
modified samples (prior and after healing) are illustrated in Figure 27(a). In addition, σmax and
Ecomp values of both the reference and modified CFRPs in prior impact, after impact and after
healing situation are summarized in Figure 27(b). According to these results, it is shown that
after LVI, the σmax of the reference samples was reduced by 16%. SP modified samples,
exhibited also the same reduction (16%) for the σmax value. The reduction of the apparent
compressive modulus (Ecomp) is 5% for the reference and 9% for the SP-modified CFRPs.
Furthermore, the SP-modified samples passed through healing process as it is has been already
described earlier, and after that they exposed to CAI tests in order the post-healing perfor-
mance of the composite plates to be investigated. According to these tests, it was shown that
healed samples presented higher σmax and Ecomp values approximately 6 and 42%, respectively
compared against the unhealed SP-modified ones (impacted samples). Therefore, modified
samples improved CAI properties via healing treatment.
Figure 27. (a) Representative compressive stress versus compressive strain (%) curves from the CAI testing of both the
reference and modified CFRPs (prior and after healing). (b) σmax and Ecomp values of both the reference and modified
CFRPs prior impact, after impact and after healing.
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As previously mentioned, the SP SHA was not able to heal all the cracks in the through-the-
thickness direction. Only delaminations in the adjacent interfaces to the SP-modified ply were
healed. After healing process, samples containing SP prepregs showed better load transfer
characteristics. Finally, it is of note that whereas reference composites fail in a brittle manner,
SP-modified CFRPs fail in a ductile or less brittle manner, both the virgin and healed ones. It is
suggested that this result is a reflection of the ductile nature of the SP and of the softening
effect induced by the presence of this type of plies as SHA into composites’ architecture.
6. Outlook
The self-healing technology described in this chapter is envisioned to be incorporated locally
in the early failure regions and other highly stressed areas of aeronautical CFRP structures.
Also, this self-healing technology based on reversible polymers can be placed in known critical
regions of structures where the damage predominately occurs, such as around drilled holes or
on skin-stringer run-outs. These regions will take advantage of these repair mechanisms and
do not represent the overall host matrix mechanical performance due to the knock-down effect
of these polymers to the whole composite. It is obvious that the current tests do not represent
the “real life service” conditions of these materials; however, this investigation demonstrates
the self-healing capabilities of SP polymers. This preliminary “model study” proves the viabil-
ity of the concept of incorporating the current SHAs into epoxy CFRPs.
7. Conclusions
In this chapter, the effect of the SP interleaf on the mode I and mode II interlaminar fracture
toughness, as well as on LVI, CAI of CFRPs, and the provided healing capability was studied.
SP polymer interlayers were locally incorporated into the area that the crack is expected to
propagate. According to experimental results, it was shown that SP was able to considerably
enhance the mode I and mode II interlaminar fracture toughness of the composites laminates
through toughening and extended bridging. Characteristic example is GIC value that was
increased by more than one order of magnitude (1550%). These modified samples also
exhibited high fracture performance recovery after first fracture for both mode I and II
interlaminar fracture toughness. Potential knock-down effects on the in-plane properties of
these modified samples were assessed. 3PB experiments revealed that by the incorporation of
the SP interleaf into mid-thickness area, the ultimate stress (σult) value was significantly
decreased.
For the assessment of LVI behavior of CFRPs, SP prepregs were fabricated in order to the
incorporation of the SHA into the composite to be simplified. Samples containing SP prepregs
were examined under LVI and CAI tests and compared. Initially, it was shown that by the
incorporation of the SP into composites laminate, the compression properties of the CFRPs
were decreased. After LVI tests, samples containing SP prepregs exhibited higher resistance to
damage, if compared against the reference ones. Healing process revealed that SP SHA was
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not able to fully restore, even locally, the damage into the composite. Even though 100%
healing was not achieved, SP prepreg-modified samples exhibited slightly improved compres-
sion characteristics after healing cycle.
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